Infections by the bacterium Aeromonas salmonicida subsp. achromogenes cause significant disease in a number of fish species. In this study, we showed that AsaP1, a toxic 19-kDa metallopeptidase produced by A. salmonicida subsp. achromogenes, belongs to the group of extracellular peptidases (Aeromonas type) (MEROPS ID M35.003) of the deuterolysin family of zinc-dependent aspzincin endopeptidases. The structural gene of AsaP1 was sequenced and found to be highly conserved among gram-negative bacteria. An isogenic ⌬asaP1 A. salmonicida subsp. achromogenes strain was constructed, and its ability to infect fish was compared with that of the wild-type (wt) strain. The ⌬asaP1 strain was found to infect Arctic charr, Atlantic salmon, and Atlantic cod, but its virulence was decreased relative to that of the wt strain. The 50% lethal dose of the AsaP1 mutant was 10-fold higher in charr and 5-fold higher in salmon than that of the wt strain. The pathology induced by the AsaP1-deficient strain was also different from that of the wt strain. Furthermore, the mutant established significant bacterial colonization in all observed organs without any signs of a host response in the infected tissue. AsaP1 is therefore the first member of the M35 family that has been shown to be a bacterial virulence factor.
Proteolytic enzymes are essential factors in the life cycles of microorganisms, and peptidases produced by pathogenic bacteria may also be toxic to the host. Many toxic peptidases are metallopeptidases that have a zinc ion in the catalytic site (19) . The gram-negative bacterium Aeromonas salmonicida is a wellknown pathogen of various fish species worldwide. Five subspecies within A. salmonicida have been described: A. salmonicida subsp. salmonicida, A. salmonicida subsp. achromogenes, A. salmonicida subsp. masoucida, A. salmonicida subsp. smithia, and A. salmonicida subsp. pectinolytica (15, 24) . Furthermore, strains that do not fulfill the criteria for these subspecies are frequently isolated. A. salmonicida subsp. salmonicida, the causative agent of classical furunculosis of salmonid fish, is often referred to as typical A. salmonicida, whereas the other strains have been referred to as atypical. A. salmonicida subsp. salmonicida has been described as a homogenous species, indicating that it is a host-adapted pathogen. One group of atypical A. salmonicida strains, A. salmonicida subsp. achromogenes, has recently been found by many researchers to be a homogeneous group of strains that cause atypical furunculosis, a systemic disease, in many species of fish (8) .
Several secreted peptidases have been identified in A. salmonicida strains, yet only two have been associated with toxic activity. The 64-kDa serine peptidase AspA (P1), which has a 50% lethal dose (LD 50 ) of 2.4 g protein/g fish in Atlantic salmon (Salmo salar L.), is considered to be a major toxic factor of typical and various atypical strains (5) but has not been detected in the extracellular products (ECP) of A. salmonicida subsp. achromogenes strains (10) .
A. salmonicida subsp. achromogenes protease 1 (AsaP1) has been described as a monomeric polypeptide of approximately 20 kDa and a major toxic factor of strains belonging to A. salmonicida subsp. achromogenes, but it has not been detected in the ECP of typical A. salmonicida strains (9, 10) . When purified AsaP1 is injected into salmon or mice at low concentrations, it leads to death within 24 h. The LD 50 of AsaP1 in salmon is as low as 0.03 g protein/g fish when injected intraperitoneally (i.p.) but is six times higher in mice (9, 12) . When a sublethal dose of purified AsaP1 is injected intramuscularly into salmon, all pathological changes seen in salmon infected by the AsaP1-producing bacterium are observed (9) .
The AsaP1 toxin is caseinolytic and weakly gelatinolytic. It is not hemolytic against horse, sheep, or fish erythrocytes, nor is it cytotoxic against RTG-2 cells, bluegill fry (BF-2) cells, or EPC cells (9, 14) . Furthermore, AsaP1 does not cleave the C3 complement component of either cod or halibut (17) . In vitro studies have shown that AsaP1 is a powerful mitogen of Atlantic salmon leukocytes (13) and induces mouse peritoneal monocytes to produce the acute-phase cytokines tumor necrosis factor alpha, interleukin-6, and interleukin-1␤ (12) . AsaP1 is immunogenic in salmonid fish, and anti-AsaP1 antibodies are known to provide Atlantic salmon protection against infection by A. salmonicida subsp. achromogenes, indicating its importance as a protective antigen (11) .
In this study we isolated, cloned, characterized, and inactivated the gene encoding the AsaP1 peptidase. An AsaP1-negative mutant was constructed, and its virulence in three species of fish was studied.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in cloning, growth, and challenge assays are described in Table 1 .
A. salmonicida subsp. achromogenes strain Keldur265-87 was isolated and identified, in our laboratory, from an Atlantic salmon suffering from atypical furunculosis (9) . A. salmonicida strains were routinely cultured at 15°C on blood agar (BA). Liquid cultures of A. salmonicida were grown in brain heart infusion (BHI) broth with agitation (200 rpm), and the growth was measured as log 10 CFU/ml. For genetic modifications, the bacteria were grown on Luria-Bertani (LB) agar plates (2) . For isolation of ECP, the strains were cultivated on cellophane-covered BHI agar plates and ECP were then washed off the cellophane with minimal amounts of phosphate-buffered saline and isolated by centrifugation (10) . Escherichia coli strains were routinely grown on LB agar or broth at 37°C, except for strain BM25.8, which was grown at 31°C. When required for the selection and maintenance of recombinant plasmids, antibiotics were added to the culture media at the following final concentrations: ampicillin (Sigma), 100 g/ml; tetracycline, 25 g/ml; cephalothin, 200 g/ml; and kanamycin, 40 g/ml.
Growth curves of A. salmonicida strains were obtained by monitoring CFU/ml in BHI broth following incubation at 15°C. In order to monitor the proteolytic activity during growth, 1-ml aliquots were sampled at different time intervals and the supernatants were isolated by centrifugation (10,000 ϫ g for 15 min at 4°C).
Amino acid sequencing of AsaP1. Isolation of the AsaP1 peptidase from the ECP of strain Keldur265-87 was performed by anion-exchange chromatography followed by gel filtration using MonoQ HR 5/5 and Superose 12 HR 10/30 columns (Amersham Biosciences) and GE Healthcare's (formerly Amersham Biosciences) Ä KTA fast protein liquid chromatographic system, as described previously (9) . Purified enzyme was transferred from a sodium dodecyl sulfate (SDS)-polyacrylamide gel (1 g well Ϫ1 ) to a polyvinylidene fluoride membrane by Western blotting. N-terminal and internal amino acid sequences were obtained from the purified protein by automated Edman degradation at the Oxford Centre for Molecular Sciences protein sequencing facility.
DNA preparation and PCR amplification. Genomic bacterial DNA was obtained by the phenol-chloroform extraction method. Plasmid DNA and DNA fragments were purified from agarose gels using the QIAprep spin miniprep kit (Qiagen).
PCRs were used to amplify the asaP1 gene for cloning, to confirm positive colonies on agar plates after transformation, and for DNA sequencing. Details of primer sequences are listed in Table 2 . When DNA fragments were produced by PCR for subsequent cloning and expression, the Expand-Long-Template PCR kit (Roche, Molecular Biochemicals) containing a polymerase with proofreading capacity was used. Construction of an A. salmonicida subsp. achromogenes gene library and isolation of the asaP1 gene. The sequencing of 40 N-terminal amino acids of purified AsaP1 revealed 85% similarity to a corresponding sequence in the EprA1 protease of Aeromonas hydrophila (Table 3) . Primers binding to the N-terminal and C-terminal ends of the erpA1 gene were then designed (oligo 31EcoRI and oligo 24EcoRI [ Table 2 ]) and found to amplify a 1,032-bp sequence in the genome of strain Keldur265-87. This sequence was cloned into EcoRIdigested pUC18 vector and used as a probe in Southern blotting and screening of recombinant phage.
A phage gene library from strain Keldur265-87 was constructed. Chromosomal DNA was digested with EcoRI, and 3-to 10-kb fragments were purified from agarose gel and ligated to EcoRI-digested _TriplEx vector (Clontech). The ligated DNA was packed into prophage with the Gigapack III Gold packaging extract (Stratagene) and used to transduce E. coli XL1-Blue (Table 1) . Phage plaques were transferred to nylon membranes (HybondN ϩ ; Amersham), and recombinant plaques were screened with a digoxigenin (DIG)-labeled probe constructed with the DNA labeling and detection kit from Roche. The in vivo excision of plasmids from selected phagemid plaques was performed according to the instructions with the TriplEx kit (Clontech).
Southern blot analysis. One to two micrograms of DNA was digested with various restriction enzymes, separated on 0.7% agarose gels, and blotted onto Hybond N ϩ membranes. DIG-labeled probes were created with the DNA labeling and detection kit (Roche), and hybridization was performed overnight at 42°C. The DIG-labeled probe was detected with anti-DIG (Fab fragment conjugated to alkaline phosphatase), and the bound antibody conjugate was then visualized with nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate as specified by the manufacturer.
DNA sequencing and sequence analysis. All sequences were determined on both DNA strands. Sequence alignment and editing were performed using the software Sequencher (Gene Codes Corp.). Analyses of sequence similarity and conserved protein domains were performed using the BLAST (1) network server of GenBank, National Center for Biotechnology Information (http://www.ncbi .nlm.nih.gov/). Multiple alignments of protein sequences were generated by CLUSTALW (http://align.genome.jp/) and the FASTA and SSEARCH programs (http://www.ebi.ac.uk/Tools/fasta33/index.html). Prediction of promoter sequences was performed with the software Prediction of Bacterial Promoters (BPROM) (Softberry) and Prokaryotic Promoter Prediction (PPP) (http://bioinformatics.biol.rug.nl/websoftware/ppp). The Expasy ProtParam program (7) (http://expacy.org) was used to calculate the molecular mass and theoretical pI of AsaP1. Signal sequence prediction was performed using the SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/).
Construction of a ⌬asaP1 A. salmonicida subsp. achromogenes mutant. The asaP1 gene of A. salmonicida subsp. achromogenes was inactivated by marker replacement mutagenesis. A 3.2-nucleotide fragment containing the asaP1 gene and its flanking regions was amplified from phagemid pTriplEx-asaP1 with primers pGEMf and pGEMr (Table 2 ) and cloned into the pGEM-T-Easy vector. A 313-bp Eco47III/BamHI fragment was then removed from the asaP1 gene and replaced with the kanamycin cassette from plasmid pSSVI186-IN, located on a ϳ1.2-kb StuI/BamHI fragment. The inactivated asaP1 gene and flanking sequences were subsequently cloned into the mobilizable suicide vector pSUP202sac digested with PstI. The resulting plasmid was transformed into E. coli strain S17.1 and conjugated into A. salmonicida subsp. achromogenes strain Keldur265-87 by filter mating (26) . Selection of double-crossover AsaP1-negative mutants was performed by cultivation on BHI agar supplemented with cephalothin, kanamycin, and sucrose (15%, wt/vol) at 15°C for 7 days. Cephalothin was used to select against the E. coli donor strain, as strain Keldur265-87 is cephalothin resistant. Double-crossover ⌬asaP1 kanamycin-resistant mutants (Keldur265-87-2) were confirmed by PCR and cultivation on BHI agar supplemented with kanamycin.
Detection of the AsaP1 peptidase. A spectrophotometric azo-casein assay and casein SDS-polyacrylamide gel electrophoresis (SDS-PAGE) were used for detection of caseinolytic activity as previously described (10) . Western blotting using a polyclonal mouse anti-AsaP1 antibody was used to confirm the presence of the AsaP1 peptidase.
Experimental fish and challenge experiments. Arctic charr (Salvelinus alpinus) (30 Ϯ 8 g [mean Ϯ standard deviation]), Atlantic salmon (25 Ϯ 5 g), and Atlantic cod (Gadus morhua) (33 Ϯ 11 g) were used in challenge experiments. The fish were free of infections according to standard routine diagnostic procedures. Fish were kept in 200-liter tanks supplied with continuously running fresh aerated water at 9 Ϯ 1°C, except for bath immersion challenges, where fish were kept in closed systems containing 30 liters of aerated liquid that was changed daily. Charr and salmon were kept in brackish water (0.35% salinity) and cod in seawater (3.5% salinity). The fish were fed a commercial fish diet at 1% body weight per day. The oxygen concentration, temperature, and mortality in each tank were monitored daily throughout the experiments.
The fish were acclimatized to laboratory conditions for 2 weeks before experimental treatments. Prior to treatment, the fish were anesthetized with tricaine methanesulfonate (50 mg/liter) and marked along fin margins with Visible Implant Fluorescent Elastomer dye (Northwest Marine Technology).
A. salmonicida subsp. achromogenes strain Keldur265-87 and its isogenic AsaP1
Ϫ mutant Keldur265-87-2 were passaged three times in the respective fish species before their use in challenge experiments. Challenges were performed by i.p. injection or bath immersion. Injection was performed with 0.1 ml of 10 Ϫ1 to 10 Ϫ5 10-fold dilutions of the bacterial suspensions. Control fish received phosphate-buffered saline only. Six fish were in each injection group. Bath immersion was performed by bathing 30 fish per tank for 1 h in 30 liters of an aerated bacterial suspension and control fish in aerated diluted culture medium. The fish were then kept in 30-liter tanks and observed for 2 weeks. Mortalities were recorded daily. The head kidneys from all dead and surviving fish were sampled, Pathological examinations. The gross pathological changes of dead and moribund fish were described. Moribund salmon from the bath challenge were sampled for microscopic examination. Samples of skin and underlying muscle, brain, kidney, liver, spleen, pancreas, gut, heart, and gills were fixed in 10% buffered formalin, embedded in paraffin wax, cut into 4-m sections, and stained with Giemsa stain before microscopic examination and photography.
Calculations, statistical analysis, and image processing. The LD 50 was calculated according to the method of Reed and Muench (25) . The mean number of days to death (MDD) were calculated using the formula MDD ϭ [⌺(number of mortalities ϫ number of days postchallenge)]/total number of mortalities. A two-sample t test was used to compare the MDDs of different groups. The threshold level for significance was 0.05.
Nucleotide sequence accession number. The nucleotide sequence of the asaP1 gene and its flanking regions has been deposited in the GenBank nucleotide sequence database under accession no. AF550405.
RESULTS

Molecular cloning of the asaP1 gene. Forty amino acids (aa)
were identified at the amino-terminal end of the active AsaP1 enzyme, as were two internal sequences consisting of 14 and 20 aa, respectively (Fig. 1) . Sequence analysis indicated 91% amino acid identity between AsaP1 and the EprA1 protease of A. hydrophila (Table 3) . Primers based on the eprA1 sequence were therefore designed and were able to amplify a 1,032-bp sequence from strain Keldur265-87. Screening of the Keldur phage library using a DIG-labeled probe binding to this 1,032-bp sequence revealed an open reading frame (ORF) of 1,029 bp, which translates into a 343-aa propeptide with a calculated molecular mass of 37 kDa (Fig. 1) . Predicted promoter sequences, Ϫ35 TTTACA and Ϫ10 TTTTACAAG, were detected upstream of the AsaP1 ORF (bases Ϫ230 to Ϫ251). A Shine-Dalgarno ribosomal binding site was found immediately upstream of the start codon (bases Ϫ4 to Ϫ7). Palindrome sequences with characteristics of a Rho-independent transcription terminator were located upstream of the ORF (AACCCCGGCNNNNNGCCGGGGTT Ϫ315 to Ϫ337) and downstream of the stop codon (AGGGGCCNN NNGGCCCCT ϩ1042 to ϩ1059).
Southern blot analysis of genomic DNA digested with various restriction enzymes and probed with a 1,032-bp fragment containing the AsaP1 gene revealed the presence of only one copy of the gene in A. salmonicida subsp. achromogenes strain Keldur265-87 (Fig. 2) .
The first 21 aa of the translated AsaP1 peptide were determined to encode a Sec-dependent signal sequence (22) . A long propeptide of 150 aa was located between the signal peptide and the mature peptidase sequence. Amino acid sequencing of the mature AsaP1 protein indicated that the N terminus corresponds to aa 172 in the translated ORF (Fig. 1) . Mature AsaP1 is therefore composed of aa 172 to 343 and has a calculated molecular mass of 19 kDa. The aa sequence was found to contain two highly conserved motifs, HExxH and GTxDxxYG, of aspzincin metalloendopeptidases in the deuterolysin family (MEROPS ID M35) whereby His293, His297, and Asp306 coordinate to the catalytic zinc ligands and Tyr309 acts as a proton donor during catalysis (16) . AsaP1 is a highly conserved protein. BLAST analysis of the amino acid sequence of the mature AsaP1 peptidase with all nonredundant GenBank CDS translations revealed 78 significant similarities with proteins from both bacteria and fungi. The bacterial peptidases found to have the highest similarity with AsaP1 peptidase are shown in Table 3 .
Characterization of a ⌬asaP1 A. salmonicida subsp. achromogenes mutant. Anti-AsaP1 antibodies detected the toxin in ECP from the wild-type (wt) strain but not the ⌬asaP1 strain (Fig. 3) . Furthermore, caseinolytic activity could not be detected in the ECP or cells of the ⌬asaP1 mutant in casein zymograms or in the azocasein assay, confirming that AsaP1 is not secreted by the ⌬asaP1 strain.
Comparison of the growth kinetics of strain Keldur265-87 and its isogenic AsaP1-deficient mutant Keldur265-87-2 did not reveal any significant differences (P Ͻ 0.001) (Fig. 4) .
Infection of Arctic charr, Atlantic salmon, and Atlantic cod. Injection challenges were performed with charr and salmon. Mortality rates in all groups of challenged fish were dose dependent. The calculated LD 50 for the wt strain (Keldur265-87) in charr was 1.6 ϫ 10 3 CFU/fish, and that in salmon was 1.4 ϫ 10 4 CFU/fish (Fig. 5) . In contrast, the LD 50 of the ⌬asaP1 strain (Keldur265-87-2) was 10-fold higher in charr (1.7 ϫ 10 4 CFU/fish) and approximately 5 times higher in salmon (6.5 ϫ 10 4 CFU/fish) than that of the wt strain (Fig. 5) . Calculated
MDDs were always higher when the fish were challenged with the ⌬asaP1 strain than when they were challenged with the wt strain (P Ͻ 0.05). The MDDs in challenges with log 5 doses of the respective bacteria were 7 and 10 days in charr and 8 and 10 days in salmon.
Bath immersion was performed on charr, salmon, and cod. 9 CFU/ml); (B) strain Keldur265-87-2 (⌬asaP1 mutant strain diluted from 3 ϫ 10 9 CFU/ml). The calculated LD 50 s were 1.6 ϫ 10 3 CFU fish Ϫ1 for strain Keldur265-87 and 1.7 ϫ 10 4 CFU fish Ϫ1 for strain Keldur265-87-2.
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Fewer fish of all three species died following challenge with the ⌬asaP1 mutant than following challenge with the wt strain (Fig. 6) . The difference was significant between the two groups of charr (P Ͻ 0.0001) but not between the cod (P ϭ 0.0620) or salmon (P ϭ 0.3985) groups. No mortalities were observed in the control groups. Clinical signs and pathological changes in bath-infected fish. Pathological changes were detected in all fish that died following challenge, and both the wt and the ⌬asaP1 mutant strains were isolated from the kidneys of infected fish. In general, the clinical signs in all three fish species included darkening in color, fin rot, diffuse skin hemorrhage, hemorrhage at fin bases, and loss of appetite. In more severe cases, lethargy, empty intestines, and ascites in the body cavity, often with generalized hemorrhages, were observed.
Skin ulcers or lesions and degenerative changes with liquefactive necrosis in underlying muscle and gills pallor were commonly detected in all three species of fish infected with the wt strain but not in any fish infected with the ⌬asaP1 mutant. Pronounced scale loss and skin erosion without detectable hemorrhage were detected only in fish infected with the ⌬asaP1 mutant. Autopsies of charr, salmon, and cod infected with the wt strain revealed general anemia, which was not seen in any fish infected with the ⌬asaP1 mutant. Detection of blood-stained ascites was more prominent in fish infected with the ⌬asaP1 mutant.
Microscopic examination was performed on salmon. Two moribund fish infected with the wt strain and four infected with the ⌬asaP1 mutant were sampled for histological examination. Bacterial colonies were detected in all examined organs of fish infected with either strain, except the muscle. Infections by both strains were found to induce hyperemia and hemorrhages in major organs, including liver, kidney, heart, brain, and muscle. Sloughing off of the gill's secondary lamellae was also frequently observed.
The major difference detected between fish infected with the wt bacterium and fish infected with the ⌬asaP1 mutant was that in salmon infected with the wt strain, tissue degeneration and infiltration of mononuclear cells were detected around small bacterial colonies in the various tissues observed. In salmon infected with the ⌬asaP1 mutant, severe bacterial colonization was seen in all organs examined without any signs of a host response in the infected tissue. Figure 7 demonstrates the pathological changes seen in heart muscle of salmon infected with the wt and the mutant strains.
DISCUSSION
In this study, a toxic 19-kDa metallopeptidase of A. salmonicida, AsaP1, was characterized as a metalloendopeptidase belonging to the group of extracellular peptidases (Aromonas type) (MEROPS ID M35.003) of the deuterolysin family of zinc-dependent endopeptidases. It was also shown that the virulence of a ⌬asaP1 mutant was different from that of its parental wt strain. AsaP1 is therefore the first member of the M35 family that has been shown to be a bacterial virulence factor.
The asaP1 gene was found to contain 1,032 nucleotides, encoding a 343-aa prepropeptide. Amino acid sequencing of the N terminus of the mature protein showed that it is composed of 172 aa (aa 172 to 343) with a deduced molecular mass of 19 kDa. The size of the mature protein is in agreement with results from gel filtration chromatography and SDS-PAGE analysis (9) describing a protease of approximately 20 kDa and composed of a single polypeptide. The molecular mass of the mature AsaP1 is also in accordance with what has been described for the AP19 metallopeptidase of Aeromonas caviae (21) and the peptidyl-Lys metalloendopeptidases of Grifola frondosa and Pleurotus ostreatus, respectively (23). The AsaP1 sequence was found to be 91% identical to the sequence of A. hydrophila extracellular protease (Table 3) , and Chang et al. (3) reported that the A. hydrophila extracellular protease is detected as a 29-kDa protein in casein SDS-PAGE. This is in accordance with our previous reports of the migration distance of purified native AsaP1 in casein SDS-PAGE (10) . The asaP1 gene may form its own transcriptional unit, as promoter sequences as well as a Shine-Dalgarno ribosomal binding site were found upstream of the asaP1 start codon. Furthermore, palindrome sequences with characteristics of a Rho-independent transcription terminator were located upstream of the ORF and downstream of the stop codon.
The AsaP1 mutation was found to significantly affect the virulence of the bacterium. The mutant established a systemic infection in charr, salmon, and cod; however, the LD 50 of the mutant was higher than that of the wt strain, and fewer mortalities were observed at 14 days after bath infection in fish infected with the isogenic mutant strain than in fish infected with the wt strain. The difference in survival of fish following bath challenge with the two strains was found to be statistically significant in charr but not in salmon for cod. The incubation time of the ⌬asaP1 mutant in all three fish species studied was also longer than that of the wt strain, yet the growth rates of the two strains in vitro were found to be identical. This confirms that loss of the AsaP1 toxin delays onset of the disease.
In this study, five separate challenge experiments were performed, i.e., two injection challenges of charr and salmon and three bath challenges of charr, salmon, and cod. Charr were found to be more susceptible than salmon to the injection challenge. The LD 50 of the wt strain in salmon in this study was about fivefold higher than has been previously reported (11) , but this is the first report of an LD 50 of A. salmonicida subsp. achromogenes in charr. Comparison of the susceptibilities of the different fish groups is, however, problematic when based on separate challenge experiments, as seasonal variability in fish immunity is well reported (4, 18, 20) and in this study the challenges were performed at different times of the year.
The pathology induced by the mutant strain was different from that induced by the wt strain. Skin ulcers, a characteristic of A. salmonicida subsp. achromogenes infection, were not detected on fish infected with the mutant. Furthermore, general anemia in various organs, which is a symptom of infection by this bacterium (8), was not seen in any fish infected with the ⌬asaP1 mutant. This shows the involvement of AsaP1 in disease development, as has previously been suggested (9, 14) .
Microscopic examination was performed on salmon and revealed that a loss of the AsaP1 toxin resulted in much more severe accumulation and dispersion of the bacterium in salmon than were seen in fish infected with the wt strain. A massive accumulation of the ⌬asaP1 mutant strain was seen in skin and underlying muscle, brain, kidney, liver, spleen, pancreas, gut, heart, and gills, yet no visible signs of tissue degradation or host response were detected in tissue surrounding these bacterial colonies.
The mortality rates and incubation times for fish infected with the mutant were lower than those for fish infected with the wt strain even though the accumulation of the mutant in the tissue was so much greater. This and the lack of tissue degradation around the large colonies of the mutant suggest that the mortality of fish infected with the mutant was due to general tissue failure rather than secreted bacterial or host factors.
The results obtained in this study show that the AsaP1 peptidase plays an important role in the virulence of A. salmonicida subsp. achromogenes and that it has a major role in the fish innate immune response, as the host was not found to recognize the ⌬asaP1 mutant. This observation makes further studies of the interaction of AsaP1 with host immunity particularly interesting.
